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Continuous observation on an oscillator results in quantum back-action which limits the knowledge
acquired by the measurement. A careful balance between the information obtained and the back-
action disturbance leads to the standard quantum limit of precision. This limit can be surpassed by
a measurement with strength modulated at twice the oscillator frequency, resulting in a squeezed
state of the oscillator motion, as proposed decades ago [1{3]. Here, we report on the generation of
a squeezed state of an oscillator by a stroboscopic back-action evading measurement. The oscillator
is the spin of an atomic ensemble precessing in magnetic eld. The oscillator prepared initially in
nearly the ground state is stroboscopically coupled to an optical mode of a cavity. A measurement
of the output light results in a 2:2  0:3 dB squeezed state of the oscillator. The demonstrated
spin squeezed state of 108 atoms with the angular spin variance of 8  10 10 rad2 is promising for
magnetic eld sensing.
The Heisenberg uncertainty sets the limit of how pre-
cisely two non-commuting variables, such as the canoni-
cal position and momentum with the commutation rela-
tion [X^0; P^0] = i, can be specied simultaneously; how-
ever, there are no physical limitations on determining the
value of an individual variable. For an oscillator with fre-
quency 
 the position variable in the laboratory frame is
X^ = X^0 cos(
t) + P^0 sin(
t) where X^0; P^0 are the rotat-
ing frame variables. Quantum states for which a canoni-
cal variable has reduced uncertainty with respect to the
oscillator ground state, for example, Var(X^0) < 1=2, are
called squeezed states (SS). Squeezed states for matter
oscillators have been rst demonstrated for motion of a
single ion [4] and later for magnetic spin oscillators by
electron-nucleus entanglement [5, 6] and by spin-spin in-
teraction [7, 8].
An intriguing approach towards generation of a SS in
an oscillator is a stroboscopic quantum non demolition
(QND) or back-action evading measurement proposed in
[1{3]. If a meter is coupled to the oscillator with an in-
teraction Hamiltonian H^ / X^ and if the measurement
strength is maximized at times t = 0; =
; :::n=
 the
noise of the meter does not couple to X^0 and the read-
out of this QND measurement yields a SS of the oscillator
with a degree of squeezing dened as 2 = 2Var(X^0) < 1.
Another version of this approach based on harmonic
modulation of the measurement strength which works
similarly to the stroboscopic measurement has been pro-
posed in [9]. Previous attempts to implement this ap-
proach with a magnetic spin oscillator [10] and a mechan-
ical oscillator [11] demonstrated reduction in the back-
action noise but did not result in a SS due to the insuf-
cient strength of the QND measurement compared to
the decoherence caused by the environment. In a sep-
arate line of work back-action evasion has been demon-
strated for a joint state of two spin oscillators [12, 13].
There a continuous QND measurement on both oscilla-
tors, one of which has an eective negative mass, has
been shown to generate an entangled state of the two os-
cillators. Squeezed states of oscillating spin components
belong to a broad eld of spin squeezed states. Recent ad-
vances in spin squeezing by QNDmeasurements of atomic
state populations have been reported in [14{17]. Com-
pared to these works, here we generate spin squeezing
of an oscillating atomic spin coherence by a stroboscopic
measurement.
A key requirement for achieving the SS is that the
decoherence due to interaction with the environment is
reduced to the extent that the oscillator maintains its
quantum state for the time longer than a QND measure-
ment takes. Every decoherence event is linked with loss
of information about the measured variable and with the
decay to the ground or thermally excited state of the
oscillator depending on the decoherence mechanism. In
this work this requirement is met by rstly enhancing the
rate of the optical QND interaction by placing the spin
ensemble in an optical cavity, and secondly by placing
the spins in a designed spin-protecting environment.
The oscillator used in this study is a collective spin
of an atomic ensemble precessing in a bias magnetic
eld (Fig. 1a). The collective spin components in the
lab frame oscillate as J^z=y = J^z0=y0 cos(
t)= sin(
t) +
J^y0=z0 sin(
t)= cos(
t). For a macroscopic spin orienta-
tion Jx along the magnetic eld, the energy spectrum
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FIG. 1. Magnetic oscillator. a, The collective spin of
an ensemble of atoms with macroscopic orientation along the
magnetic eld B0 precesses around B0 with a Larmor fre-
quency 
. Normalized quantized values of the projections
J^y0;z0 in the rotating frame are the canonical variables for this
oscillator. b, The energy diagram of an atomic constituent of
the oscillator. In the ground state of the oscillator atoms are
in the lower energy state j4; 4i. Raman scattering of pho-
tons (wavy lines) driven by the linearly polarized input light
orthogonal to the dc magnetic eld (solid arrows) creates col-
lective excitations in level j4; 3i and corresponding quantum
coherences j4; 3ih4; 4j responsible for J^y;z and oscillating
at 
. c, The n-th excited state of the oscillator corresponds
to n collective spin ips generated as in (b). A squeezed state
is a coherent superposition of such number states (comments
in the text).
of the spin ensemble can be mapped onto that of a har-
monic oscillator [6] with a resonance frequency set by
the Larmor frequency of the spin precession (Fig. 1b,c).
Mathematically this is expressed through the Holstein-
Primako transformation [18]. Canonical position and
momentum operators can be dened through the col-
lective symmetric spin observables in the rotating frame
[J^y0; J^z0] = iJx = iNatF (h = 1) as: X^0 = J^z0=
pjhJxij,
and P^0 = J^y0=
pjhJxij where it is assumed that the
collective spin is well oriented, so that the population
of the end state with the magnetic quantum number
mF =  F is close to the total number of spins Nat and
hence the macroscopic quantity Jx is treated as a num-
ber rather than an operator. The ground state of the
harmonic oscillator corresponds to all atoms being in the
F = 4;mF =  4 state and the absence of the ensem-
ble coherence j4; 3ih4; 4j (Fig. 1b). The mean num-
ber of excitations above the ground state can be evalu-
ated as n = Var(X^0) + Var(P^0)   1. An excitation with
the creation operator a^y = (X^0   iP^0)=
p
2 corresponds
to a quantum of excitation, also called a polariton, dis-
tributed symmetrically among all the atoms of the os-
cillator. The ground state of the oscillator belongs to
the class of Coherent Spin States (CSS) characterized by
Var(J^y0) = Var(J^z0) = Jx=2 = NatF=2 [6].
The quantum state of the spin-oscillator can be created
and probed through interaction with light eld. In the
limit of large probe detuning with respect to the atomic
excited state hyperne level (Fig. 1b), the light-spin in-
teraction can be approximated by the QND-type, Fara-
day Hamiltonian: Hint = 2(=
p
Nph)S^zX^, where Nph is
the number of photons in the pulse of duration  and S^z is
the probe light Stokes operator in the circular basis nor-
malized so that for a coherent pulse Var(Sz) = Nph=(4).
The coupling constant  characterizes the QND interac-
tion strength, which depends on the atom-light detuning,
the excited-state linewidth and  / pNatNph / pd0
[6], where d0 is the resonant optical depth of the atomic
ensemble and  is proportional to the fractional number
of decoherence events during the measurement time (see
Supplementary Information).
For stroboscopic probing the relevant observable for
the oscillator is the harmonic quadrature that evolves
in phase with the modulation (chosen to be the cosine
quadrature): x^ = (1=TD)
R
dt X^(t)(t) cos (
t), where
T = 2=
 is the oscillator period, D is the duty cycle
of the probe, (t) is a rectangular-pulse shaping func-
tion of unit amplitude, following the temporal evolution
of the probe power, and the integration extends over
one oscillator period. In the limit of zero duty cycle:
x^ = X^0. The measurement record is the cos
t Fourier
component of the photocurrent integrated over the pulse
length: S^y; =
R 
0
dt S^y(t)u(t) cos (
t), where S^y is the
Stokes operator in the linear basis measured with polar-
ization homodyning as shown in Fig. 2 and u is a mode
function of unit energy over the pulse length that weights
the measurement data according to the decoherence rate
(see Methods). The evolution of variances due to the
Hamiltonian interaction is described by (for u = 1)(see
Supplementary Information):
Var(S^y; ) =
BNph
8

1 + ~2Var(x^in) + C ~
4
3

; (1)
Var(x^out) = Var(x^in) + C~2; (2)
where the subscripts (in), (out) indicate operators at
the start and end of the interaction respectively, B =
1 + sinc(D), ~ = 
pB is the modied coupling con-
stant, and C 2 [0; 1] quanties the coupling of the probe
noise to the observable. It can be shown (see Supple-
mentary Information) that for a stroboscopic probe the
back-action coupling constant is given by:
C = 1  sinc(D)
1 + sinc(D)
: (3)
For a QND measurement C = 0, while for a continuous
probing C = 1. In Eq. 1, the rst term on the right-
hand side species the imprecision due to the quantum
noise of the meter (shot noise of light), whereas the sec-
ond and third terms describe the oscillator input noise
and back-action noise, respectively. In the following, the
measurement noise associated with the oscillator in pho-
ton shot noise units will be denoted collectively with
Var(x^m) = ~
2Var(x^in) + C ~43 +  , where  expresses
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FIG. 2. Outline of the experimental set-up. a, The
acousto-optic modulator (AOM) generates light pulses for
stroboscopic measurement of the atomic spin oscillator placed
in an optical cavity formed by mirrors (CM). Quantum
measurement of the polarization state of light is performed
with polarization beamsplitter (PBS) and two photodetectors
(PD). The collective spin of the atomic ensemble contained
in the micro-cell (A) oscillates in magnetic eld B0. The
projection of the spin along the probe direction is subject to
stroboscopic QND measurements every half period of oscilla-
tion as indicated with stars. b, Pulse sequence for generating
and demonstrating conditional squeezing of an oscillator with
stroboscopic QND measurement.
the uncertainty increase due to decoherence. Condition-
ally on a QND (C = 0) realization of S^y; the oscillator
evolves to a quantum state with reduced position noise:
Var(x^outjS^y; ) = Var(x^out) Cov2(x^out; S^y; )=Var(S^y; ),
with Cov denoting the covariance. The quantum lter-
ing then leads to conditional squeezing described by (see
Supplementary Information):
2 =
Var(x^outjS^y; )
hx^2i0 =
1
1 + ~2
+  (4)
where hx^2i0 is the imprecision in the ground state (zero
point uctuations). The decoherence term signies the
importance of the large optical depth d0 in achieving high
degrees of squeezing, as ~2 / d0 . We achieve an en-
hancement of the eective d0 by enclosing the spin oscil-
lator in an optical resonator (Fig. 2). Optimal squeez-
ing can be achieved with an impedance matched cavity
where the output coupler transmission Tout  L, where
L is the round-trip intensity loss (see Supplementary In-
formation).
The atoms of the magnetic oscillator are initialized by
optical pumping in a state close to the ground state. The
ground state variance is calibrated against a measure-
ment of the noise in the thermal state of the atomic en-
semble obtained with unpolarized spins. The measured
spin variance of unpolarized atoms / NatF (F +1)=3 can
serve as a robust reference for the spin noise in the co-
herent end state / NatF=2 [5, 10], since the former is
insensitive to classical elds and probe-induced noise. In
at
FIG. 3. Noise characterization of the oscillator state
prepared without any conditional evolution. a, Mea-
sured noise in the oscillator state prepared by optical pump-
ing. The noise is normalized to the probe light noise. Inset:
Ratio of the measured oscillator variance to the expected mea-
surement variance when the oscillator is in the ground state
(Var(x^m)0). The dashed line is the weighted average. The
error bars represent 1 standard deviation, as estimated by
 2104 independent repetitions. b, Demonstration of back-
action noise suppression with stroboscopic quantum nonde-
molition measurement at twice the oscillator frequency. The
oscillator noise has been normalized to the zero point uctu-
ations. Red squares - continuous measurement. Blue circles
- stroboscopic measurement with 15% duty cycle. The arrow
indicates the back-action suppression. Error bars correspond
to 1 standard deviation.
Fig. 3a the oscillator noise variance in the state prepared
by optical pumping is plotted as a function of the atomic
density. The observed linear scaling indicates a quantum-
limited performance and a QND character of the mea-
surement. In the inset the ratio of the measured variance
to the calibrated zero point imprecision is shown to be
 1:16. The increased measured variance in the initial
oscillator state is due to the imperfect optical pumping,
which leads to a nite oscillator temperature correspond-
ing to thermal occupation n  (8 1)10 2. The occu-
pation probability distribution among the Zeeman levels
can be found from the magneto-optical resonance signal
[20] (see Fig. S3 in Supplementary Information). Assum-
ing a spin-temperature distribution, it is found that after
optical pumping  98% of the atoms are in the end state
jF;mF i = j4; 4i, with  2% occupation probability for
the jF;mF i = j4; 3i state, and negligible probabilities
for the other states. This is consistent with the 16% in-
4FIG. 4. Conditional preparation of squeezed oscilla-
tor. Demonstrated squeezing as a function of the number
of photons in the rst QND measurement pulse (see text for
details). Error bars refer to 1 standard deviation of  2104
measurements and include uncertainties in the calibration of
the ground state noise.
crease of the measured variance compared to the ground
state noise.
It is instructive to compare decoherence and thermali-
sation properties of the magnetic oscillator and mechani-
cal oscillators. For the former oscillator initialized in the
ground state (fully polarized spin), n(t) / f(F )et=T1   1
in the range of t  T1 where T1 is the population life time
( 10 msec) and F=2  f(F )  (F +1)(2F +1)=2 in the
present case. The thermalisation time Tth =
T1kBT
h
 is at
least six orders of magnitude greater than T1. For me-
chanical oscillators n(t) / nbathet=Tth  nbath at t  Tth
where the thermalisation time can reach at best a second
in state-of-the-art experiments. This comparison illus-
trates the diculty of quantum state preservation with-
out cryogenic environment for mechanical oscillators [21]
in comparison to magnetic spin oscillators.
The QND character of the measurement is demon-
strated in Fig. 3b, where the measured variance of the os-
cillator is plotted as a function of the number of the probe
photons in the pulse. For a continuous probe (100% duty
cycle), the imprecision in units of zero point uctuations
increases with the number of photons in the pulse. In
contrast, for a stroboscopic probe with a small duty cy-
cle ( 15%) the noise remains nearly independent of the
pulse strength over the measured range. The demon-
strated reduction of probe back-action is more than 10
dB compared to a continuous probing of the oscillator.
To study the generation of squeezed oscillator states,
two QND pulses are employed: the rst provides infor-
mation about the oscillator observable x^, and the sec-
ond pulse evaluates the observable variance conditioned
on the rst measurement (see Fig. 2b). In Fig. 4 the
reduction in conditional variance compared to the zero
point imprecision is plotted as a function of the number
of photons in the rst pulse, for a xed photon number
in the second pulse Nph,B  27  107. The squeezing
increases with the photon number in the pulse until the
point where decoherence induced noise compensates for
the reduction in uncertainty by measurement. The ob-
served conditional variance is up to 2:2  0:2 dB below
the ground state noise. Along with the dominant contri-
bution of QND measurement to the degree of squeezing,
a smaller contribution is due to the interaction nonlinear
in the spin variables (see [22] and Supplementary Infor-
mation for the eect of the second-rank tensor polariz-
ability).
In comparison to the work where spin squeezed states
were generated by QND measurements of atomic popula-
tions the present approach has two new features. Firstly,
it directly creates a squeezed state of atomic coherences.
Secondly, as any modulation technique, it is much less
sensitive to classical uctuations. As a result, we have
been able to generate spin squeezing with two to three
orders of magnitude more spins than in [14{17] and there-
fore obtain the angular spin variance of 810 10 for this
non-classical state, more than 20 dB better than in the
previous works using the criterion of [23]. One should
note that squeezing of the populations as in [14{17] and
direct squeezing of atomic coherences demonstrated here
have dierent applications. For example, the former is
relevant for clocks and the latter is relevant for sensing
of ac magnetic elds or any other elds which couple to
atomic spins.
Cavity-enhanced QND interaction utilizing a long-
lived room-temperature spin oscillator can be further de-
veloped. Currently the cavity nesse is limited by the
reection losses at the cell windows. Straightforward
improvements should allow to signicantly increase this
value, with the corresponding increase of squeezing (see
Supplementary Information). The techniques developed
in the paper will be useful for quantum metrology and
sensing, as well as for generation of entanglement be-
tween disparate oscillators [24].
Methods
The spin oscillator is realized in room-temperature,
optically-pumped Cesium atoms, contained in a glass cell
microchannel, 300 m  300 m in cross section and
1 cm in length (see Fig. S1b in Supplementary Infor-
mation). An alkene coating [19] deposited at the inner
cell walls dramatically suppresses spin-relaxation due to
the wall collisions. Atoms bounce o the walls and cross
the optical mode cross section with the waist of 55 m
approximately 5  103 times before their quantum spin
state decoheres in 10 msec due to wall collisions. The
atom-atom collision rate at the low Cs pressure used
here is negligible. As the typical light pulse duration
of  2 msec is much greater than the atom transient
5time of  1:5 sec and the oscillator period (typical

  380 kHz) the thermally moving atoms cross the
optical mode many times in the same state and hence
the detected optical mode couples to the symmetric spin
mode (equivalently to the oscillator position X^). We em-
phasize that the thermal motion of the atoms does not
aect the oscillator temperature, which is determined by
the spin distribution. The microcell is placed inside a
standing wave optical cavity with a nesse F  17, the
single-pass losses in the cell windows of 6:5% and the
output coupler transmission of 80%, which is close to the
optimal value Tout  L. The cavity is kept on resonance
with light using the Pound-Drever-Hall technique. The
number of atoms in the F = 4 hyperne ground state
coupled to the light eld (Fig. 1b) has been adjusted
within the  107   108 range by changing the cell tem-
perature (typically  26oC) and optical pumping for the
maximal QND interaction strength. The frequency of the
oscillator can be tuned with B0.
An acousto-optic modulator is used to stroboscopically
modulate the intensity of the probe beam at twice the
Larmor frequency. The experiment was operated with
 15% stroboscopic duty cycle, with probe wavelength
blue detuned by 1.6 GHz with respect to the D2 transi-
tion (see Supplementary Information). The S^y; operator
is measured by balanced polarimetry and lock-in detec-
tion. The data are weighted with an exponential mode
function: u(t) / et, where  is the decoherence rate in
the presence of the probe. The exponential falling mode
function is used to assess the measured noise, except for
the squeezing investigation where the rst pulse measure-
ment is dened with a rising mode (see Fig. 2b). To
collect statistics for the variance estimation, each mea-
surement is repeated  2 104 times.
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